ABSTRACT When subjected to rapid drops of temperature (cold shock), Neurospora responds with a temporary shift in its morphology. This report is the first to examine this response genetically. We report here the results of a screen of selected mutants from the Neurospora knockout library for alterations in their morphological response to cold shock. Three groups of knockouts were selected to be subject to this screen: genes previously suspected to be involved in hyphal development as well as knockouts resulting in morphological changes; transcription factors; and genes homologous to E. coli genes known to alter their expression in response to cold shock. A total of 344 knockout strains were subjected to cold shock. Of those, 118 strains were identified with altered responses. We report here the cold shock morphologies and GO categorizations of strains subjected to this screen. Of strains with knockouts in genes associated with hyphal growth or morphology, 33 of 131 tested (25%) showed an altered response to cold shock. Of strains with knockouts in transcription factor genes, 30 of 145 (20%) showed an altered response to cold shock. Of strains with knockouts in genes homologous to E. coli genes which display altered levels of transcription in response to cold shock, a total of 55 of 68 tested (81%) showed an altered cold shock response. This suggests that the response to cold shock in these two organisms is largely shared in common.
The environmental conditions that life must contend with can vary widely. Organisms have evolved a wide range of mechanisms for contending with these changing conditions. For the filamentous fungus Neurospora, growth continues through nearly the entire range of temperatures (above freezing) that is observed in this environment. Although the rate of tip extension varies linearly with temperature (Watters et al. 2000) , the branch density (the statistical distribution of distances between branch sites along a linear growing hypha) remains constant across this range (Watters et al. 2000) allowing the fungus to continue to infiltrate its environment at the same density. Temperatures progressing through this range would be expected to have dramatic impacts on enzyme activity generally (and thus overall metabolism), but also directly on features critical to growth such as membrane fluidity, DNA/RNA stability and the rates of transcription and translation.
In both Neurospora and E. coli, there is a multistage response to cold shock. There is an initial response which is transient in nature, followed by a more long-term response which largely represents a return to normal growth. Neurospora grows via extension at a hyphal tip with periodic branching which is typically lateral ( Figure 1A ). However, when Neurospora is subjected to cold shock, a multi-phase morphological response is observed ( Figure 1B , Watters et al. 2000 , Watters 2013 ). The initial response to cold shock is the growth of a single longer than normal unbranched segment. This was termed the "Lag" phase of the response. This phase is followed by a series of closely spaced apical branch points, termed the "Apical" phase. Apical branch formation has been previously associated with the disruption and attempted reorganization of the normal tip-growth apparatus (Reynaga-Peña et al. 1995 , Riquelme & Bartnicki-Garcia 2004 , a mechanism distinct from that thought to be involved in lateral branching. Finally, with continued incubation at the lower temperature, the colony returns to lateral branching, termed the "Recovery" phase. Growth in this phase of the response resembles that which would be seen had the colony been grown at 4°(or any other fixed temperature) continuously (Watters et al. 2000) . Thus, the cold shock response appears to be a temporary disturbance to a homeostatic system which maintains branch density at a constant, evolutionarily favored, value. The morphological effects of cold shock are the indirect consequence of this system's staged process of adjusting cellular conditions in order to compensate for the new growth temperature.
Homeostasis in the face of temperature changes and more specifically the response to cold shock has been extensively studied in bacterial systems for over 20 years. The effect of cold shock is manifest in multiple cellular systems including: membrane rigidity (Shivaji & Prakash 2010) , stability of secondary structures in DNA/RNA (Phadtare 2004) , efficiency of protein folding (Phadtare 2004 ) and ribosome function (Gualerzi et al. 2011) . While much remains to be described in these systems, cold shock appears to result in a multi-stage response (Phadtare 2004) . First, a lag period in which growth and translation of proteins generally cease. This is followed by an adjustment phase in which specific cold-shock proteins which compensate for the changes brought on by the cold are preferentially translated (Giuliodori et al. 2004) . In the final stage, growth continues otherwise normally, but at a reduced rate. DNA microarray transcription profiling of the cold shock response in E. coli by Phadtare and Inouye (2004) has shown that several hundred genes respond to cold shock, either being transiently induced/repressed or showing prolonged induction/repression. Analogous responses to cold shock and/or cold acclimation have been observed in diverse organisms including plants (Guy 1999 ) and animals (Canclini & Esteves 2007) . Attempts to uncover cold shock proteins in fungi (Fang and St Leger 2010) have met with mixed success.
It is tempting to draw parallels between what is known about cold shock in bacterial systems and the observed response of Neurospora to similar cold shocks. Many of the systems affected during bacterial cold shock would be expected to impact fungal tip growth and branching (e.g., membrane fluidity). In addition, the nature and timing of the two responses are similar. Both can be adjusted by changing the intensity of the cold shock with more mild shocks (lower temperature differences) producing more mild responses and more severe shocks (larger temperature differences) producing more severe responses. Furthermore, the dynamics of the responses parallel each other. In each, there is a multistage response. There is an initial response which is transient in nature, followed by a more long-term response which largely represents a return to normal growth.
The hypothesis of this project was that the observed cold shock response of Neurospora is a consequence of a cellular response homologous to that induced by cold shock in bacteria. Under this hypothesis, the observed, transient morphological changes are a consequence of the fungal cell adjusting itself to growth in the cold via a manner which is shared in common with simpler organisms. This hypothesis was tested by screening Neurospora knockout strains impacting genes homologous to those identified in E. coli which alter their expression patterns in response to cold shock. In addition, a broader collection of selected knockout strains were screened to identify additional genes which play a role in the cold shock response and thus cold acclimatization. Together, the results of this screen provides the first molecular underpinning to the cold shock response in Neurospora,
MATERIALS AND METHODS
The Neurospora targeted deletion collection As part of the Neurospora Genome Project, a collection of strains containing disruptions in presumptive genes was constructed (Colot et al. 2006) . Strains representing deletions of most of the genes of the Neurospora genome are available from the Fungal Genetics Stock Center (McCluskey 2003) which supplied the knockout strains for this study. The FGSC supplied the knockout strains at a reduced fee in order to support undergraduate research. As each deletion strain has been altered in a single, previously identified, presumptive gene -going from phenotype to sequence is greatly simplified.
The accession numbers listed in Tables 1 and 2 represent the locus number of the gene subject to inactivation in the knockout strain under test. Every annotated gene in Neurospora crassa has been assigned a locus number of the form NCU#####. The gene identities reported in the tables are those associated with the genes as annotated on the FungiDB database as of July 2017: fungidb.org/fungidb/. The gene identities reported are based solely on the annotations currently associated with those strains and have not been independently confirmed by the authors of this study. Gene Ontologies reported are those determined by pantherdb.org (Mi et al. 2017) as of December 2017.
Knockout sets selected to be subjected to screen A screen of the entire library was determined to be impractical. We instead screened an abbreviated subsection of the library chosen to be more likely to yield positive responses. These fall into three basic sets.
The first set are knockouts of genes homologous to those which show altered transcription in E. coli when subjected to cold shock (Phadtare Figure 1 Conventional growth vs. cold shock in wild-type and mutant Neurospora: A) Wild-type (Oak Ridge) Neurospora growth at 33°C, B) cold shock response in wild-type Neurospora, While many of the knockout strains tested displayed a morphological response to cold shock indistinguishable from that of wild-type, alternative morphologies were observed. These were classified into categories, examples of which are shown here. Examples of the alternate cold shock phenotypes displayed with the identity of the mutant shown as the example are shown: C) Burst: tips of growing hypha burst commonly (NCU02133, superoxide dismutase-1), D) Fail: a failure to display any morphological response to cold shock (NCU02636, peroxin-4), E) Thin: hyphal diameter narrows on cold shock (NCU03013, anchored cell wall protein-10), F) Dense: apical branching tighter than that normally displayed during cold shock (NCU07617, aconidiate-3), G) Cot-like: phenotype resembles that seen at the restrictive temperature of a temperature-sensitive colonial (cot) mutant strain. (NCU03901, peroxin-14), H) Weak: apical branching during cold shock which is less dense than normally observed (NCU01408, COP9 signalosome-3). Combinations of the above were sometimes observed as noted in Table 1 .
n Table 1 Of 344 knockouts screened 118 were observed to alter the phenotype of the cold shock response. For each knockout strain tested ("ID"/NCU#####) we report the Cold Shock phenotype, the annotated gene function and gene abbreviation, the set of mutants the knockout came from (E. coli cold shock mutant ortholog, the Morphological or Hyphal growth plates from the FGSC, or the Transcription Factor plates from the FGSC) and the Gene and Inouye 2004). The protein sequences of E. coli genes identified by were retrieved from the E. coli database (ecocyc.org/). These amino acid sequences were then fed into a BLAST search on the NIH NCBI site (blast. ncbi.nlm.nih.gov/Blast.cgi) with the output limited to Neurospora sequences in order to identify their nearest Neurospora homologs. These homologs were then searched on FungiDB to determine which had knockout strains available. From this final list, 68 were selected for screening in this study. This set was selected to determine the degree of relationship between the cold shock response in E. coli and Neurospora. Second, two previously organized sets of knockouts generally associated with hyphal growth and morphology and available from the FGSC were included in this screen. One set (identified as "plate 29 -morphologicals" by the FGSC) contained strains with knockouts known to cause morphological changes. The second set (identified as "Hyphal Growth Set" by the FGSC) contained strains with knockouts in genes homologous to genes in yeast known to affect polar growth. A total of 131 strains from these two sets were screened.
The last set consists of knockouts of known transcription factors in Neurospora. This collection is available as a set from the Fungal Genetics Stock Center (McCluskey 2003) . It was selected for this screen to determine which transcription factors play a role in signaling to the cell that cold adaptation genes must be activated. A total of 145 strains from this set were screened.
Media
Media and culturing procedures were those described in Davis & deSerres (1970) . Growth described as being on "minimal" was in plates containing Vogel's minimal medium (Davis & deSerres 1970) with 2% agar.
Screen
The selected knockout strains were subjected to a screen looking for altered responses to cold shock. Wild-type Neurospora progresses through a three-stage response following a shift into the cold. To induce the cold shock response, we initially grew strains at 33°and shifted to 4°. We selected 33°as our "normal" temperature as the cold shock response has previously been demonstrated to be dependent on the degree of the temperature shift the hypha are subjected to (Watters et al. 2000) . The larger temperature shift used here would be expected to result in tighter branching during the apical phase. We decided this was desirable as it would make any variations from the normal cold shock response more visible and easier to identify in the screen. Strains were inoculated by dropping a suspension of conidia onto Vogel's Minimal Medium and incubated overnight at 33°. The next morning plates were moved to 4°. After an overnight incubation at 4°, the strain's response to cold shock was photographed and evaluated. Variations in the cold shock response from that of wild-type Neurospora were judged n qualitatively. Knockouts were subjected to cold shock and photographed a minimum of three independent runs on separate days to assure consistency of the response within a strain.
Photomicroscopy
Growing cultures were examined and photographed using a Motic 10MP digital camera attached to a Wolfe Beta Elite trinocular microscope. Photographs were taken of well separated, leading hyphae. All photomicrographs were taken using 40x magnification.
Phenotypes scored
The morphology of strains following cold shock was scored visually by comparing collections of photographs of cold shock in a given strain to the response seen with a wild type strain (Neurospora crassa Oak Ridge). Those with altered responses were then further categorized visually into the groups reported in Table 1 "CS phenotype."
Undergraduate Student Involvement in Research
Valparaiso University is an undergraduate institution. All of the experiments reported here were conducted by undergraduate students under the supervision of the corresponding author. Students came to the lab under a variety of circumstances. Six of the student co-authors engaged the project as students in our Bio 496 (Independent Research) course in which students conduct research in the lab of a faculty member under their supervision. Two were upperclassmen working in the lab as paid assistants while being supported by a grant by the Indiana Space Grant Consortium (INSGC). The INSGC also supported a student from the local community college who contributed to this study. An additional student was supported by a separate grant from the INSGC with the purpose of bringing freshmen into research labs for a true research experience. This project was chosen specifically to be one which would work well in the undergraduate university environment. The choice of organism as well as the project are suitable to a setting where funds are limited (or at times, unavailable). The study of morphology is one which students can easily grasp, and which they find relatively easy to score. Applying these questions to the knockout library allows us to take advantage of this tool and turn a quick screen into a collection of mostly identified gene functions associated with the trait. The work is technically straightforward, so undergraduate students can involve themselves with the actual conduct of the project after fairly little training in the basics of media preparation, sterile technique, basic microbiological techniques and the use of the microscope and camera.
The corresponding author was responsible for the design of the project. Undergraduates were then organized into teams incorporating both newer and older student researchers so the more experienced students could help guide the newer ones. Within these groups, students were responsible for dividing up aspects of the day-to-day activity of the project into segments and assigning individuals to be responsible for carrying out that day's activity. This allowed them to dovetail the research activities into their normal class and work schedules. For example in a given week, one student would be responsible for making media, another for inoculating plates, and another for photomicroscopy. Scoring and categorization of the mutant phenotypes was conducted by students by examining photographs and confirmed by the corresponding author.
Data availability
The authors state that all data necessary for confirming the conclusions presented in the article are represented fully within the article.
RESULTS AND DISCUSSION
During the initial study of the cold shock response in Neurospora (Watters et al. 2000) , it was observed that two classical morphological mutants (most notably "granular" and "delicate") produced altered responses to cold shock (not reported), demonstrating that mutants could be obtained which influenced this process. We chose to screen mutants from the Neurospora knockout library for their cold shock response in order to provide a genetic grounding to this process which has, thus far, been lacking. We chose to use the mutants of the knockout library instead of the products of a random mutagenesis as the knockouts allow an immediate identification of gene function in most cases.
Knockout strains displaying an altered morphological response to cold shock were classified according to the specific variation they displayed. Examples are shown in Figure 1 . The "burst" phenotype was defined as displaying a large number of growing tips which stop growing, swell and then structurally fail leaving a pool of cytoplasm at the tip. The "fail" phenotype was defined as failing to display the apical branch phase characteristic of cold shock. In the "fail" response, growth proceeds normally with lateral branching following cold shock. The "thin" phenotype was defined by a very rapid decrease in hyphal diameter following cold shock. It was common to observe "thin" in combination with other altered cold shock responses. The "dense" phenotype was defined by displaying apical branching with visibly shorter distances between branch points following cold shock relative to the response in wild-type. The "weak" phenotype was defined as the opposite -an apical branch phase with visibly longer distances between branch points relative to wild-type following cold shock. Finally, the "cot-like" phenotype was characterized by a lack of apical branching, but a shift to tightly spaced lateral branches which morphologically resembled the growth of the traditional cot mutants at the restrictive temperature.
Screen of E. coli cold shock gene homolog knockout set A total of 68 Neurospora strains with knockouts of genes homologous to E. coli genes which alter transcription in response to cold shock (Phadtare and Inouye 2004) were screened. A total of 55 (81%) showed altered morphology to cold shock (Knockouts presenting alterations to the cold shock response are reported together in Table 1 , sorted by phenotype). The knockouts displaying altered response to cold shock represent a variety of cellular functions. Phadtare and Inouye report genes which respond to cold shock by altering their transcription levels. Comparisons (x 2 not shown) between these transcription changes in E. coli and the cold shock phenotype displayed by these genes orthologs in Neurospora do not suggest there are any clear associations between transcription changes and cold shock morphology.
The screen of cold shock orthologs provides a test of the hypothesis that E. coli and Neurospora share a great deal of their cold shock response in common. The very high percentage of overlap between genes playing a role in these two widely separated organisms suggests that the two responses are functionally related.
Screen of Morphological/Hyphal plate knockout sets A total of 131 selected mutant strains from the Neurospora knockout library were previously segregated into two collections. The "Morphological" collection resulted in known morphological variations in the knockout strains. The "Hyphal" collection consisted of knockouts of genes previously suspected to play a role in hyphal growth. These two collections were screened for alterations to their response to cold shock. In total, 33 (25%) strains were identified (Table 2) that displayed variant cold shock responses. The altered responses fell into several phenotypic categories (Table 1) .
The morphological/hyphal knockouts were previously screened for temperature-dependent branch density (Watters et al. 2011) . Comparing the strains identified above with alterations to their cold shock response to those previously determined to show temperature-dependent branching we find only a modest overlap with the following strains showing altered phenotypes in both: NCU02333, NCU00830, NCU04242, NCU02114, NCU04264, and NCU03076. Examining the overlap statistically via x 2 (calculations not shown) yields a p value greater than 0.9, strongly suggesting that the overlap is random. This suggests that these two screens (cold shock vs. temperature sensitive branching during steady-state growth) are independent. This leads us to conclude that the cold shock response and temperature-dependent branching are independent aspects of cold adaptation, highlighting the different genes involved in short-term adaptation to the cold as opposed to those required for sustained growth in cold environments. Additional screens of the knockout library for strains displaying growth rate dependent branching, and comparing them to those with an altered cold shock response will allow us to further examine the apparent independence of these two morphological screens.
Screen of transcription factor knockout set A total of 145 Neurospora strains with knockouts in genes which function as transcription factors were screened for their response to cold shock. In all, 30 (20%) showed altered morphology to cold shock ( Table 1) .
As with the knockouts of orthologs of E. coli cold shock responding genes, the mutant strains identified in the additional screens show no observed correlations between the phenotypes observed and the annotated functions of the genes with a variety of functions being associated with the observed cold shock variations.
Frequency of knockouts yielding alterations in cold shock was dependent on the category the the knockout As detailed above, mutants screened represented three different categories of knockouts: E. coli cold-shock responding orthologs, Neurospora morphological/hyphal growth mutants, and Neurospora transcription factors. These three groups displayed altered cold shock responses at different rates with the majority (81%) of the E. coli orthologs showing altered responses and much lower frequencies (23% and 20% respectfully) of the morph/hyphal and transcription factor knockouts showing altered responses (Table 1) . Additionally, the phenotypes of the altered cold shock response showed a non-random distribution with regard to the knockout set the mutant was associated with using x 2 . Comparing knockout set vs. cold shock phenotype among those with alterations yields a x 2 of 32.2 and an associated p value , 1%. Much of the significance is coming from an over-representation of "dense" cold shock responses among otherwise unidentified (i.e., "hypothetical protein") transcription factors.
Cold shock phenotype was not correlated to GO categorization of the knockouts The cold shock phenotype of knockouts was compared to their gene ontology categorizations via x 2 analysis. Comparing cold shock phenotype to either its Molecular Function or Biological Process categorization failed to produce significant differences (p values of 0.75 and 0.5 respectfully). Thus, particular GO categorizations are not associated with specific altered phenotypes in the cold shock response.
The data were also examined to determine if there was a non-random association between knockouts which show any alteration to their cold shock response (regardless of the specific phenotype) and those that show the wild type response vs. their GO categorization. For both "Molecular Function" and "Biological Process" GO categories, no significant association was seen (via x 2 , P = 0.4 and 0.5 respectfully), similarly failing to support the possibility that knockouts with specific GO categorizations are tied to the cold shock response.
Cold shock phenotype was weakly associated With growth rate at 25°among transcription factor knockouts Linear growth rates at 25°for the transcription factor knockouts reported by Carrillo et al. (2017) were compared via T-test for knockouts showing altered cold shock responses vs. those showing no alteration to the response. One possible association between growth rate at 25°and altered cold shock phenotype was found for the knockouts displaying a dense phenotype which showed statistically faster growth rates at 25°t han those with no alterations to cold shock (T-test, P = 0.019). This is consistent with previous observations between growth rate and cold shock (Watters et al. 2000) , however the opposite association (slow growth rates at 25°among mutants displaying weak cold shock responses or failure to respond) is not observed, as would be expected if growth rate was a key factor among the knockouts. Taken together, there appears to be, at best, a weak association between growth rate at 25°and alterations to the cold shock phenotype among the transcription factor knockout mutants. This stands in contrast to the observation in wild type Neurospora (Watters et al. 2000) that the morphology of the cold shock response was directly dependent on growth rate changes. This suggests that the altered morphologies observed among the knockout mutants are due to changes in gene activity associated with the knockouts and not simply the consequence of changes in growth rates in these mutants.
In conclusion, the gene functions highlighted by these screens (Table  1) are diverse. It is unclear how the diverse gene network, partially exposed here, coordinates for the function of temperature acclimatization. The results presented here demonstrate a strong relationship between the cold shock responses of E. coli and Neurospora crassa. The phenotype under examination here (morphological response to cold shock) appears to be influenced by a diverse network of genes. Similar diversity of function has been observed in other examinations of morphogenesis in Neurospora (Seiler & Plamann 2003) . Further work on cold acclimatization should help clarify these connections.
